This article presents a review of the analytical relevance of trace metal speciation analysis, which must be considered in environmental and biophysicochemical systems for reliable and efficient assessment and monitoring of trace metals. Examples are given of methodological approaches used for speciation analysis. An overview of speciation analysis in sediments, aquatic ecosystems and agrosystems is also presented.
Introduction
Trace metals are introduced anthropogenically as micropollutants into our environment from several sources such as industrial, agricultural and domestic wastewater/ effluents [1] . Over the years, their fate, transport and pollution in the environment especially the aquatic ecosystems are becoming an environmental problem of concern owing to their ecotoxic properties. The biological activity and availability, biogeological fate, transport and eventual effect of trace metals in the environment and biological systems are a function of the chemical species in which they occur [2] .
In trace metal chemistry, it is a common practice to simply quantify trace metal contents in samples of interest as total level or concentration. In recent times, increased attention has been given to the determination and quantification of trace metals when assessing their impacts in environmental systems (air, water, soil and biota) in this form. Growing evidence indicates that the determination of the total trace metal concentration in soil [3, 4] , sediments [5, 6] , marine and fresh waters [6, 7] , biota [8, 9] , and consumer products [10] principally highlights simplified ways of expressing measures of metal pollution in matrix of interest. Although these procedural assessments are scientifically recognized, they have proved deficient in presenting trace metals in their physicochemical forms as well as predicting their toxicity [11] . The analysis and quantification of trace metals in environmental and biological systems of interest as total concentration are seemingly tenable but misleading, and therefore requires complementary partitioning information, which will characteristically elucidate the different elemental coexisting forms.
However, considering the enhanced understanding of biological, metabolic and toxicological effects of these trace metals, it has become necessary to measure trace metals as "total" as well as determine quantitatively the different chemical forms of these trace metals. This is necessary since toxicity of trace elements especially alkylated and organometals is a function of their speciation coefficient [2] . Thus, chemical speciation analysis has become an efficient and reliable tool for assessment of environmental and ecotoxicological risks posed by trace metals. Partitioning studies of heavy metals in water and sediments have emerged as an important instrument in environmental toxicological researches. In recent times, it has become the core of metal pollution studies through which heavy metal species have been harnessed in determining their potential bioavailability and remobilization within human, sedimentary, biotic and aquatic systems. The greatest interest in metal speciation in natural environments and biosystems is probably explained by their influence on the bioavailability and toxicity of metals.
terms "speciation" and "speciation analysis", there still exists some form of confusion on their usage by environmental and analytical chemists, biologists, geochemists, and in evolutionary concept. However, in order to avoid confusion, an attempt is made to clearly define these terms. According to IUPAC, speciation in chemistry simply refers to the distribution of an element amongst defined chemical species, while speciation analysis describes the analytical activities of identifying and/or measuring the quantities of one or more individual chemical species or forms in an environmental or biosystems [12] .
Furthermore, for chemical elements, the chemical species refers to the specific form(s) of the element present in terms of oxidation or electronic state, isotopic composition and molecular structure. The distribution and bioavailability of trace metals in environmental samples such as soil, sediments, water, atmospheric particulate and biospecimens can be considered to obtain a better understanding of environment-organism interactions. Thus, bioactivity and bioavailability of trace metals strictly depend on their chemical coexisting forms, and therefore their speciation [13] . The determination of total metal concentration in living systems, environmental substances and biospecimens is not sufficient to assess the environmental impact of polluted sediments since heavy metals may have different chemical forms and only a fraction can be remobilized easily [2, 14] . Studies on the distribution and speciation of heavy metals in sediments can provide not only information on the degree of pollution, but especially the actual environmental impact on metal bioavailability as well as their origin [14] .
There are many possible approaches to trace metal speciation. These include the spectral characterization, kinetic, direct species-specific, computational and hybrid techniques, among others. Several contemporary techniques are being developed or improved upon earlier procedures. However, the choice of any of these approaches is subject to the nature and physical properties of the elemental species to be determined. To date, it has generally been accepted that the most appropriate method to evaluate heavy metals is the selective sequential extraction procedures [15] . Selective extractions are widely used in soil and sediment analysis to evaluate long-term potential emission of pollutants and to study the distribution of pollutants among the geochemical phases [16] . They are also used to determine the metals associated with source constituents in sedimentary deposits. According to [17] , metals with an anthropogenic origin are mainly extracted in the first step of the procedure, while lithogenic metals are found in the last step of the process corresponding to the residual fraction [14] .
In environmental and biophysicochemical systems, the geochemistry, bioavailability and toxicity of trace metals are a function of the physicochemical characteristics of the forms in which it is present. Additionally, the physiological characteristics of an organism constitute important factors that influence its speciation. However, biological availability of a trace metal is not a function of total metal concentration, but rather of particular species of the metal that can either interact directly with an organism or can convert readily to species which can interact (the kinetically labile metal concentration) [2, 14] .
Analytical Significance of Trace Metal Speciation
Analytical measurements expressed as total content of specific metal in an environmental and biological material are insufficient. Therefore, one of the most important significance of speciation analysis is the qualitative and quantitative signature it has given to specific metal species, which could be employed in the assessment of the index of toxicity impacts of elements. Speciation analysis is an important present-day analytical tool particularly used for the elucidation of the chemical form(s) as well as the quantitative estimation of a specific element when conducting toxicological and biochemical investigations. After years of considerable researches on metals pollution, it is now widely held that the distribution, mobility, bioavailability and toxicity of trace metals in environmental and biological systems depend not simply on their concentrations, but critically on their chemical forms. It is also known that individual metal species possesses a different chemical activity and ability to transform. Therefore, for proper estimation of the degree of the toxic effect of metals, their distribution among coexisting forms in aquatic environment must be known. This is realized through the use of metal speciation analysis. Thus, speciation analysis can increase the information capacity of collected results via characterizing in detail some of the most important chemical forms of an element in order to understand the transformations between forms that are likely to occur, and to infer from such information the probable environmental and health consequences.
Trace metal speciation analysis is an important environmental analytical tool for forecasting metal fate in aquatic ecosystems and developing effective methods for water quality monitoring. Chemical compounds that differ in isotopic composition, conformation, oxidation or electronic state, or in the nature of their complexed or covalently bound substituents can be regarded as distinct chemical species [12] . In the light of this, a systematic approach highlighting identifiable species and distinct transient forms of an element, its coordinated atoms or excited states structurally could be categorized into nuclear (isotopic) composition, electronic or oxidation state, inorganic, organic and macromolecular compounds and complexes.
Techniques, Types of Speciation Analysis and Their Applications
The toxicity and bioavailability of heavy metals are not only a function of their total concentration in water, but also a function of the concentration and ratio of the various coexisting forms [18, 19] . However, estimation and elaborate quantification of these free metal species can be achieved through one of the predominant trends of heavy metal analysis-elemental speciation, which employs various speciation techniques. Although the various schemes developed by several researchers are capable of quantifying the amount of free and bound metal, it has been noted that only the most sensitive techniques are suitable for speciation analysis. According to [20] , speciation techniques using inductively coupled plasma mass spectrophotometry (ICP-MS), inductively coupled plasma atomic emission spectrophotometry (ICP-AES), and electrothermal atomic absorption spectrometry (ET-AAS) could be considered as the most sensitive and selective techniques. However, continuing developments in analytical chemistry have provided a platform for the proliferation of investigations that have now seen the coupling of versatile separation techniques, such as high performance liquid chromatography, gas chromatography and capillary electrophoresis (CE) to a highly sensitive detector, such as ICP-MS, which has generated substantial attractive analytical tools for ultra-trace elemental speciation analysis [21] .
The extraction, detection and ultratrace quantitative and qualitative determinations of elements through speciation analysis can be carried out in five different ways [15] . However, the choice of any of the five types is a function of the aim and scope of the analytical investigation. A concise summary of the basic types of speciation analysis commonly encountered in chemical analysis, their characteristics, areas and examples of where the speciation analysis principles could be applied is presented in Table 1 .
Speciation Studies in Different
Environmental Strata
Speciation Studies in Sediment
Phase-selective chemical extractions or fractionation schemes involving multistep extraction procedures is one of the approaches employed for understanding metal speciation especially in sediment analysis [22] [23] [24] . A typical fractionation scheme is the procedure developed by [22] , which delineates the metal species sequentially as exchangeable, carbonate-bound, iron and manganese oxide-bound, organically-bound and residual. Soil, sediments or precipitates are known reservoirs or sinks of trace metals in the environments, and the metals may be present in several different physicochemical forms/phases [25] [26] [27] . These phases are water soluble, exchangeable; specifically adsorbed; carbonate; secondary Fe and Mn oxides; organic matter; sulphides and silicates [28] . This procedure that was originally developed as a pivotal heavy metal speciation scheme using extracting agents has evolved as the foundation for recent advances in fractionation speciation schemes. The sequential extraction or fractionation schemes are a very useful method, for characterizing solid phases associated trace elements in soils, sediments or particulates [29] [30] [31] [32] [33] . It must be pointed out that the extracting reagents employed in speciation analysis are chosen based on their selectivity and specificity towards a particular physicochemical species of trace metal [28] . The reagents cocktail for respective extraction steps are capable of disrupting the binding agents between individual element and the sediments thus allowing possible release of metal species into the solution. A typical multistep sequential extraction scheme is shown in Table 2 .
More so, a modified sequential chemical extraction procedure developed by [36] for partitioning studies of particulate bound cadmium in soil was conveniently classified into eight fractions vis-à-vis: exchangeable, carbonate-bound, metal-organic complex-bound, easily reducible metal oxide-bound, organic-bound, amorphous mineral colloid-bound, crystalline Fe oxide-bound, and residual fractions (Table 3) .
However, following the pioneering research by [22] , a relatively large number of fractionation schemes have been developed, which employ series of reagents to separate individual fractions of trace metals. In general, sequential extraction procedures have not been standardized therefore compelling individual researchers to use schemes developed through their effort. However, in order to streamline speciation analysis for repeatability and reproducibility through harmonization and standardization of extraction protocol, a sequential extraction method has been developed by the Standards, Measurements and Testing Programme (formerly Community Bureau of Reference, BCR) of the Commission of European Communities. In this three-stage sequential extraction procedure, trace metals are divided into acid-soluble/exchangeable, reducible and oxidisable fractions, which are leached with reagents. A summary of this approach is presented in Table 4 [37] [38] [39] .
A modification of this method into a four-stage sequential leaching procedure has been developed and applied to assess the bioavailability and environmental mo- bility of some heavy metals in total suspended particulates [40] .
Speciation Studies in Aquatic Ecosystems
It is widely known that pollutants such as trace metals are introduced into aquatic ecosystems mainly through natural and anthropogenic sources. The weathering of rocks and volcanic eruptions are among the natural sources, while aerial deposition from automotive traffic and power plants, mining, industrial activities, urbanization, and agricultural activities constitute human-induced sources [41] [42] [43] . Human-induced emissions and inputs into freshwater, estuarine, seawater or ocean systems can give rise to higher concentrations of the metals relative to the natural threshold concentrations. Once these contaminants enter into freshwater or marine ecosystems, they are capable of distributing into water, sediment, and biota compartments. In most cases, the overabundance of heavy metals even in trace levels in surface or mixed layer water could develop a metal pollution ecological footprint capable of posing serious health risks to sea fauna and flora, humans, and in general to the environment. In aquatic ecosystems such as estuaries, rivers, streams, and oceans, the determination of the total concentrations of heavy metals in surface water and sediment is a useful analytical tool in identifying pollution hotspots as well as the identification of human-mediated sources of metal inputs, whereas speciation studies is a multipurpose useful tool in determining the bioavailability and toxicity of heavy metals, and in understanding the pollution regimes and metal-sediment diffusive fluxes or interactions in aquatic systems [44, 45] . All heavy metals exist in surface waters in colloidal, particulate, and dissolved phases, although dissolved concentrations are generally low [46] . The colloidal and particulate metal may be found in 1) hydroxides, oxides, silicates, or sulfides; or 2) adsorbed to clay, silica, or organic matter. The soluble forms are generally ions or unionized organometallic chelates or complexes. The solubility of trace metals in surface waters is predominately controlled by the water pH, the type and concentration of ligands on which the metal could adsorb, and the oxidation state of the mineral components and the redox environment of the system.
The distribution of trace metals in aquatic substrates such as sediment, surface water, and microorganisms has been identified as exchangeable, carbonates, oxidizing, organic matter and residual fractions [22, 47, 48] . Studies have shown that the physicochemical forms of trace metals determine their potential bioavailability and remobilization in aquatic systems [1, 11] . However, the chemical speciation of metals could be made possible by changing ecohydrological perturbations, or as the organic particulates binding the metals ultimately decompose [1, 49] . Trace metals in different sequential extraction aside reflecting the metal component or integrity of an ecosystem could be used to realize the chemical behavior with respect to remobilization.
In the estuaries, partitioning studies are particularly important because metal speciation is influenced by the constantly changing environmental conditions including salinity, pH and sediment redox potential [43, 50, 51] . The speciation of dissolved metals in seawater is relatively well understood. It is known, for example, that free ions of Cu and Cd are the most bioavailable inorganic forms and account for only a small proportion of the total dissolved metal concentration [52] .
Speciation Studies in Agrosystems
Heavy metals are found naturally in undisturbed soils and, in fact, small amounts of many metals are required by plants as micro-and macronutrients to remain healthy. The sources of heavy metals in soils are primarily anthropogenic, although some are known to occur naturally, but rarely at toxic levels. Human induced activities have dramatically modified the composition and organization of soils. Non-regulated large-scale disposal of municipal sludge, domestic, urban and industrial wastes, agricultural application, manufacturing and mining activities have resulted in increased heavy metal contamination of urban and agricultural soils. Other potential sources of human-induced soil contamination with heavy metals include industrial and traffic dust emitted into the atmosphere, land application of domestic or industrial sewage sludge, mineral, mainly phosphorous, fertilizers and pesticides [38, 53, 54] . However, these sources are N. U. BENSON ET AL. 638 capable of creating patchy hotspots of metal contamination, which could be of high concern and pose possible dangers to human and animals in contact with the contaminated soils [55] .
Excess heavy metal accumulation in the agrosystems is toxic to humans and other animals. Unlike organic contaminants, most metals in the soil environment do not undergo breakdown by microbial organisms or chemical degradation, and therefore concentrations of metals persist in soils for a long time after their input [56] . Once metals find their way into the soil, they could remain in the soil environment, or bioaccumulate and biotransform in plants and food chain, and as well as get seeped into groundwater [57] . These biopersistence, bioaccumulative and biotransformative properties could lead to enhanced levels of heavy metals in soils, and subsequent bioavailability and uptake by plants. However, this depends not only on heavy metal contents in soils but is also governed by factors such as soil pH, organic matter and clay contents [58] .
Trace metal pollution of soils is a pervasive problem that often constitutes serious short-and long-term risks for humans, plants, groundwater quality and ecosystem health. Several researches have been reported on heavy metal contamination in agrosystems especially arising from human-mediated sources such as industrial waste, automobile emission, mining or processing activities, and agricultural practice [59] . Majority of these researches are based on analytical quantifications that reports heavy metal concentrations as the total content of metals in analyzed matrices. Fewer attempts have been made to evaluate and report the speciation of heavy metals in particulate species [15, 22] . Moreover, the expression of heavy metal contents as "total" concentration to assess the quality of metal pollution in agrosystems is misleading and analytically uninformative. Information about the fate and toxicity of heavy metals in a contaminated soil could be sufficiently highlighted through speciation analyses of soil samples [60, 61] . In the light of the foregoing, it is imperative that in monitoring studies and risk assessments of metal contaminated soils, not only the total or extractable contents should be considered, but also the chemical forms (species) of the metal contaminants must be known. Such studies may help to minimize human health risks associated with trace metals contamination and aid in the evaluation of their bioavailability [62] .
Metal bioavailability in different soils, however, depends on soil properties such as the pH, metal contents, particle size, organic matter, and wetness. A research report has indicated that the mobility, bioavailability, storage, retention and toxicity of trace metals in living organisms, food and the environment is a function of the chemical forms in which they enter the ecosystems and the final forms in which they are present therein [63] . Therefore, in order to determine the binding forms of heavy metals in soil, it is imperative that chemical extraction procedures should be employed. A large number of sequential extraction procedures, which utilizes series of reagents to separate individual fractions of heavy metals have been developed, majority of which are derived from the pioneering studies by [22] .
Speciation analysis of trace elements in soils may be performed using either physical or chemical methods, but the latter offers a reliable and more sensitive approach. The chemical protocols basically employ chemical solutions of varying, but specific, strengths and reactivities to release heavy metals from the different fractions of soil samples of interest as a means of quantifying the coexisting metal species [64] . Elemental quantification in soils can be achieved through single reagent leaching, ion exchange resins, and sequential extraction procedures. The theory involved in the latter is that the most mobile metals are leached in the first fraction and continue in order of decreasing of mobility. Common examples of the sequential extraction techniques are the Tessier Procedure, the Community Bureau of Reference (BCR) Procedure, the Maiz Short Extraction Procedure, the Galán Procedure, and the Geological Society of Canada Procedure [24, [65] [66] [67] . These sequential extraction procedures promote fractionation. However, despite that a number of extraction schemes have been proposed and developed by several researchers, there abound controversies regarding some of the sequential techniques. Nevertheless, the Tessier Procedure is generally accepted as the most commonly used protocol followed closely by the Community Bureau of Reference Procedure, although it is still plagued by limitations.
Conclusion and Future Perspectives
Although studies on trace metal speciation has been active for decades, the field has been instrument and method limited. However, in recent times, the number of research carried out on trace metal speciation has increased considerably with the improvement of existing methodologies, recent advances on hyphenated systems and the development of in situ automated monitoring profilers that are capable of monitoring specific fractions of trace metals. Nevertheless, new and universally accepted, reliable and cost effective analytical tools capable of performing in situ, real-time monitoring with minimum perturbation of the environmental matrix should be developed. This paper examined the analytical relevance and the need for trace metal speciation in environmental and biochemical systems in order to determine the distribution of specific species present for a better understanding of their degree of toxicity, mobility and stability. Judging from the foregoing, the use of speciation of eleOpen Access AJAC
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639 ments to assess the bioavailability and mobility of heavy metals in environmental and biophysicochemical systems remains a sine qua non for a better understanding of the different chemical forms of a particular element or its compounds and associated patterns of toxicity. It is therefore suggested that researchers should adopt the speciation analysis while conducting the assessment of trace metals in order to be able to obtain and proffer additional useful information on species of differing carcinogenic potential in biosystems and environmental matrices in preference to total metal determination.
